The main goal of this paper is to investigate the effects of an asymmetric confined flow developing around a cylinder with a rectangular cross-section at different attack angles. Previous studies faced this problem analyzing change of the drag and lift force coefficients due to the proximity of a fixed plate parallel to the mean flow and fixed in the vicinity of the cylinder. In this paper an original application of particle image velocimetry technique was used to investigate the mean fluid structures around rectangular cylinders with aspect ratios of 3 and 4. The kinematics characterization of the flow field has been quantified through the transversal dimension of the wake and the position of the stagnation point on the frontal area of the obstacle. These parameters have been compared with the mean force coefficients on the cylinder. The non-symmetric boundary conditions were obtained in an open chamber wind tunnel, putting a fixed plate parallel to the mean flow at one side of the cylinder; on the other side an almost free flow can be assumed. The comparison between the kinematics parameters of the flow structure and the dynamic coefficients provides useful information to the phenomenon understanding.
Introduction
The paper focuses on providing new insights and knowledge of the mechanisms governing the flow field around a tilted rectangular cylinder near a solid wall, with particular attention to the study of the mean flow around the cylinder.
The problem of fluid dynamic forces acting on a rectangular cylinder was studied by different Authors, such as Naudasher and Wang [3] , Norberg [4] and Deniz and Staubli [5] that considered the cylinder immersed in unbounded flow.
In case of confined flow the net force acting on the cylinder changes significantly. In literature, major attention was paid to the case of symmetric bounded flow; e.g. Okajima et al. [6] highlighted the influence of the blockage on the fluid-dynamic loading. Recent works of our research group investigated the effects of an asymmetric boundary condition placing the cylinder at different elevation above a solid wall [1, 2] .
According to literature data (see Simiu and Scanlan [7] ) a critical condition for cylinder with zero attack angle is represented by the chord-to-width ratio ranging between 2 and 4; this is due to the change of the fluid behaviour as a consequence of an increasing flow tendency to re-attach to the cylinder as the chord-to-width ratio increases (see Deniz and Staubli [5] ). This tendency is strongly affected by the Reynolds number value, as underlined in Mills et al. [8] .
To examine the correlation between the induced excitation and the flow structure in the case of asymmetric boundary conditions, in this paper we use an original application of a particle image velocimetry technique that allows us to investigate the mean fluid structures around rectangular cylinders located in close proximity of a fixed plate parallel to the mean flow (see Figure 1 ). The kinematics characterization of the flow field will be based on the estimation of the transversal dimension of the wake and the position of the stagnation point on the frontal area of the obstacle. These parameters have been compared with the mean force coefficients on the cylinder.
Experimental set-up
The experimental set-up used for the present research is primarily composed by an open chamber wind tunnel with a square (0.9m x 0.9m) main section, a bottom plate (providing a solid boundary), a rectangular cylinder (also referred to in the following as "model") mounted on a purpose-built dynamometer used to hold the model at different heights and attack angles and to measure lift and drag forces. Two dynamometric models with rectangular section will be tested in this paper, both with a width "s" of 40 mm (see Figure 3) and chords "l" of 120 and 160 mm respectively; the chord-to-width ratios are then 3 and 4. Mean flow velocity is estimated by a Pitot tube. The boundary layer along the wall was measured in [1] through a hot-wire anemometer and was found to be 40 mm thick. This means that the model is partially immersed in the boundary layer both in case of tests with h b /s=1 and in case of h b /s>1 with large attack angle.
The distance between the cylinder and the bottom plate can be changed from 200 mm (quasi free flow boundary conditions) to 40 mm, (non-symmetric boundary conditions) in presence of non-negligible angles of attack. In the latter condition the fluid-dynamic behaviour of the system is strongly affected by small changes either in geometric or flow conditions [2] . A particle image velocimetry system provides the characterization of the average two-dimensional velocity field around the obstacle, allowing for a better understanding of the flow behaviour at different values of the angle of attack; this information is interesting in particular in case of cylinder very close to the fixed plate. The mean flow field was reconstructed and the position of separation point and the transversal size of the wake were estimated as a function of the attack angle α.
In order to study the forces acting on the model in the listed experimental conditions, a dynamometric model is used in the tests; the model is fixed to a sensing element supported by strain-gauge-equipped beams at the two sides. Only the central part of the model is sensitive, while the two sides are dummies; in this way the side effect on the sensing part is kept to a minimum. A detailed description of this sensitive model can be found in [9] .
In Figure 1 (a) is visible the model, mounted in the wind tunnel, while in Figure 1 (b) a side view of the dynamometric model is given, together with the list of symbols. The height of the cylinder, h b , is measured from the ground to the bottom part of the model. We divided h b by the width "s" of the cylinder to obtain the dimension less parameter h b /s. During the tests the h b and α parameters are varied while the lift and drag at both the leading and trailing edges are measured, thanks to the dynamometers that support the model.
For the kinematic characterization of the mean flow field an original particle image velocimetry system, optimized for hydraulic applications (described in [10] ) has been adapted for air applications. In the original system the 2D velocity fields are obtained measuring the bi-dimensional trajectories of seeding particles in a defined time interval. This is possible by filming the seeding flow on the measurement plane and by using a delayed exposure time. Since the bubbles tend to spread in the wind tunnel camera, it is necessary to enhance the bubbles belonging to a plane parallel to the mean flow vector and orthogonal to the dynamometric cylinder axis; this is obtained using a lamp able to produce a light plane. The length of the trajectory generated by each bubble is a function of both the instantaneous local flow velocity and to the shutter time of the video-camera. Since the shutter time is imposed (and then known) the flow velocity can be measured starting from the trajectory length, once the system has been calibrated. In the present study we have adapted the particle image velocimetry system mentioned before, using soap bubbles filled with helium to seed the fluid [11] , changing the illumination source to obtain a wider light sheet and increasing the acquisition frame rate to allow measurement of speeds an order of magnitude grater than in case of hydraulic application. Due to this kind of modifications, it was necessary to change some part of the image processing software, in order to adapt it to the new kind of images, characterized by the presence of a limited number of seeding particle, by a double reflection of the illuminated bubble on the image (both the upper and the lower part of each bubble reflects the light and then each bubble produces 2 lines on the image) and by a significant distance between two consecutive bubble. The soap bubbles used as seeding media are filled with helium; since this gas has a volumetric mass lower than air and then it is possible, by regulating the helium pressure, to compensate the soap weight and obtain bubbles almost unaffected by the gravitational force. The bubbles can then better follow the flow.
The image acquisition is based on a Basler grayscale camera, equipped with a CMOS sensor, characterized by a 656x491 resolution. The camera is connected to a laptop PC through a FireWire IEEE 1394 bus, used for both the camera configuration and the images acquisition. The software for the acquisition and storage of the images and the force data was developed by the authors using National Instruments LabVIEW. In order to avoid perspective aberration in the grabbed images, the camera was positioned with the optic axis orthogonal to the light plane.
The bubbles, illuminated by a proper light sheet, produce on the images a stripe; by analyzing of each stripe, information concerning the local velocity vector orientation and magnitude can be extracted. First of all the image processing software performs a binarization of all the acquired images, in order to enhance the blobs, representing the bubble stripes; after that each of the blob is analyzed in order to extract the information useful for the subsequent processing (i.e. the centre of mass, the area, the length and orientation and so on). Since no information concerning the velocity direction is given by the blobs, a further analysis has to be done in order to estimate it. The main idea is to analyze the blobs of each image and to compare them with those of the previous and the subsequent ones. If a blob with a certain orientation is present in an image, in the following one we expect to find another blob, having a similar orientation, and positioned at one of the two sides of the first one. Comparing blob positions in subsequent images the software assign the direction of each blob. Averaging in time and in space (on a reference grid) the velocity information we obtained the mean velocity field upstream and downstream the cylinder. The entire flow field reconstruction allowed the determination of significant parameters such as the stagnation point and the wake dimension. The stagnation point on the frontal face of cylinder was estimated by considering the interpolated position of the point with Vy = 0 in the velocity vertical distribution upstream the cylinder; the wake dimension by considering the streamline distribution downstream the obstacle.
Uncertainty estimation
The image acquisition and force measurements are both controlled by two independent acquisition systems. Therefore the two measurement systems are actually independent and the uncertainty should then be estimated separately.
The force measurement system was calibrated using reference masses with negligible uncertainty. After the calibration, repeated tests were performed applying to the dynamometers known masses; while no significant systematic effects were found, the random effects on lift and drag forces were estimated, and standard deviation of the results was found to be lower than 0.05 N in all the experimental conditions.
Although only average values of the drag and lift forces will be of interest for this research, natural vibration of the dynamometric cylinder excited by the vortex shedding can lead to inaccurate measurements of the mean forces, due to the reduction of the signal to noise ratio. It is then appropriate to avoid experimental conditions where the vortex shedding frequency is close to one natural frequency of the model. The Strouhal number of a tilted rectangular cylinder near a solid wall was measured in [2] : this parameter can vary between 0.04 and 0.14 in all the experimental conditions to be tested for this research. In the same paper the frequency response function of the dynamometric model mounted in the wind tunnel was estimated and two main resonance peaks were found, one due to the first vertical mode, at 32.6 Hz, and another due to a torsion mode, at 45.5 Hz. Relying on these considerations an average wind speed of 5 m/s was selected for all the tests in this research; in this way the vortex shedding frequencies are lower than 20 Hz and then do not excite the natural frequency of the dynamometric cylinder. An anti-aliasing filter with 45 Hz cutoff frequency was used for the measurements, while the sampling frequency was set to 150 Hz.
The structure of the flow-filed was estimated through the described particle tracking technique; the uncertainty of these results strongly depends on the uncertainty of the length of the trajectories produced by the bubbles. However it is almost impossible to keep into account the fact that some bubbles, due to velocity components orthogonal to the light plane, go out of the light sheet before the shutter time is finished. This kind of bubbles produces a trajectory shorter than the ones given by the bubbles that remain in the light plane for the whole shutter time. The authors choose then to experimentally estimate the uncertainty linked to the magnitude of the velocity vectors by computing the average value and the standard deviation of the velocity vectors in an undisturbed flow area, obtaining a relatively high uncertainty: the standard deviation is about 15% of the magnitude. After an average of 600 images, however, the average velocity vector is estimated with an uncertainty much lower (as is obvious) allowing to estimate in a reliable way the position of the stagnation point, as well as the wake size. In order to check whether the 3-second image acquisition reliably represents the average flow field conditions, some test were done: first of all the average flow was estimated though 5 different set of images, each of them constituted by 600 images (3-second record at 200 Hz grabbing frequency), obtaining a substantial repeatability of the mean flow.
By analysing the dimensionless cumulative average of the horizontal and vertical components of the undisturbed flow velocity, it is possible to see ( Figure  2 ) that the signal tend to become stable (with oscillation of few percentage points) within the 3-second acquisition. This is a further proof that the average over 3s interval is representative of the average flow structure interaction. A similar behaviour was found also for the lift and drag forces. 
Test results
For all of the tests the average incoming flow speed was set to 5 m/s, for the reasons explained in the previous section. The test conditions comprehend low elevation values (h b /s ranges from 5 down to 1) and relatively large range of attack angle: −20° ≤ α ≤ +20° at high h b /s values, whereas for low elevations the maximum tilting angle is limited by the impact of the model on the fixed plate. In the following of this paper the analysis of the characteristics of the flow field around the model, will be of great help to investigate the causes that produce the drag and lift coefficients behaviour, already discussed in Cigada et al. [1] and in Malavasi and Zappa [2] . As an example in Figure 3 the average flow field around the obstacle is shown in case of zero and -10° attack angle for h b /s = 1 and l/s = 3. As can be seen in Figure 3a , the asymmetry of the boundary condition is underlined by the vertical position of the stagnation point, in front of the cylinder. In this case the flow separation point is close to the lower leading edge (the one near the boundary surface); as known both in case of symmetric
boundary conditions or unbounded flow, the separation point is on the cylinder symmetry axes. The fact that, in case of confined flow the separation point moves towards the confining wall agrees with Malavasi et al. [10] , where the rectangular cylinder with shape ration l/s = 3 is studied. Similar results were found by Bosh and Rodi [12] in the case of square section cylinders. Figure 4 reports the vertical position of the stagnation point divided by the thickness of the cylinder (Pr/s) vs. α for two aspect ratios (l/s = 4 and 3) and for two elevation of the cylinder above the solid wall (h b /s = 5 and 1).
Here we can note that the effect of the attack angle on the position of the stagnation point is emphasised by the presence of the solid boundary, while it is not significantly affected by the changing of l/s. As a matter of fact, the increasing of Pr/s in the range -10°≤α≤10°, is significantly larger for h b /s = 1 than for h b /s = 5. Analysing the downstream flow field shown in Figure 3a it is possible to note that the flow tends to reattach to the cylinder at the upper and at the lower sides, and then separates again at the trailing edge. Figure 5 reports the transversal size of the wake divided by the thickness of the cylinder (Ds/s) vs. α. The presence of the solid boundary at α=0 does not affect significantly the Ds/s ratio; nevertheless, as in the case of Pr/s, the presence of the confining plate generated a non-symmetric effect of positive and negative values of α on the wake dimension. With the goal of comparing the flow characteristics with the load induced on the cylinder, the average drag and lift coefficients were also measured using the same experimental conditions. Figure 6 and 7 show these parameters as a function of α. The lift coefficient values at zero attack angle agree with the experimental observation published by Cigada et al. [1] , who found, in experimental conditions analogous to the ones studied in this paper, a significant modification in the lift coefficient, with respect to the case of unbounded flow conditions. The cited paper shows that the drag coefficient, on the contrary, does not vary significantly between bounded and unbounded flow conditions (always at α=0); this agrees with the fact that the wake dimension does not change significantly with the presence of the solid wall (see Figure 5 at zero attack angle).
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Observing the Pr/s parameter and the lift coefficient at α ≠ 0 it is possible to note that, at h b /s = 5 both the Pr/s and the C L curves (Figures 4 and 6) show trends with a centrosimmetry, with centre of symmetry at the origin of the coordinates system. On the contrary, when h b /s = 1 the presence of the confining plate increases the asymmetry of the phenomenon with respect of the attack angle. Considering the Ds/s and C D diagrams it is possible to note that the curves are almost symmetric with respect to the axis of ordinates in case of almost unbounded flow field ( Figures 5 and 7 at h b /s = 5). Similarly to what observed for the Pr/s and C L parameters, also the D s /s and the C D curves loose the symmetry for h b /s = 1 due to the presence of the fixed confining plate. In particular the drag coefficient increases rapidly for negative attack angle values, while the increasing is lower for positive attack angles; the trend of the Ds/s curve is extremely similar to the drag curve trend. The latter founding agrees with evidence by Da Matha et al. [13] in unbounded flow.
To summarise the obtained results it is possible to asses that the confining surface makes the phenomenon non symmetric (this fact is known in literature) and, when the attack angle α is non zero (Figure 4b ), a further asymmetry is introduced in the problem, modifying again the flow around the cylinder; as a consequence of this fact the drag and lift coefficients show significant variations. In this scenario, however, the flow-field characteristics reported in Figure 4 and 5 are consistent with the observation of the force coefficients in the same boundary conditions (Figure 6 and 7) . As a matter of fact the trend of the wake size curve is similar to the drag coefficient curve and the position of the separation point is closely related with the lift coefficient, also in case of confined flow and attack angle different from zero.
Conclusion
In order to investigate the effects on a cylinder with rectangular cross-section placed in an asymmetric confined flow with different attack angles, synergic use of particle tracking technique and direct force measurements was used. The significant experimental condition characterized by low elevation of the cylinder by a solid wall and non-negligible angles of attack are especially considered.
Under these boundary conditions a small change in the tilt value causes an edge of the cylinder to be positioned very close to the wall, thus: the average flow field is substantially different from the other scenarios and the net force acting on the cylinder dramatically changes. The observation of the flow behaviour developing under these conditions contributed to the comprehension the results of the force measurements, providing useful information to the phenomenon understanding, in particular the position of the stagnation point was found to be strictly related to the lift while the size of the wake significantly affects the drag coefficient, not only in case of zero attack angle but also in case of arbitrary values of α. 
